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Introduction {#sec1}
============

Electrochemically splitting water into hydrogen (H~2~) through the hydrogen evolution reaction (HER) is a promising strategy for solving the problems of energy scarcity and environmental pollution ([@bib9], [@bib19], [@bib30], [@bib39], [@bib42], [@bib47]). In general, platinum (Pt)-based materials are at present the most efficient electrocatalysts for the HER process, but the high cost and natural scarcity of Pt remain great obstacles limiting their practical use. There is, therefore, a quest to develop alternative electrocatalysts---displaying high activity and stability at low cost---for water splitting. Much effort has been devoted recently to the development of non-precious HER electrocatalysts, including those based on transition metals (e.g., Fe, Co, Ni, Mo) ([@bib21], [@bib33], [@bib34], [@bib53]) and those that are metal free (e.g., graphene, carbon nanotubes \[CNTs\], C~3~N~4~) ([@bib3], [@bib19], [@bib29], [@bib31]). Although these electrocatalysts have potential as alternatives to Pt-based ones, their relatively low HER activities do not yet meet the needs of real applications. Atomic catalysts (ACs), consisting of single metal atoms anchored on supporting materials, can expose the maximum number of active sites, maximize the atom utilization efficiency and reaction selectivity, and boost a system\'s electrocatalytic activity ([@bib7], [@bib20], [@bib31]; [@bib40], [@bib45], [@bib46]). These features suggest an optimal strategy for synthesizing cost-effective and active catalysts, especially for those based on noble metals (e.g., Ir, Au, Pt) ([@bib20], [@bib31]). The high surface energies of single metal atoms can, however, encourage aggregation during preparation and catalysis processes, decreasing the number of active sites and limiting the catalytic efficiency and stability. An appropriate support that can anchor single metal atoms firmly, to avoid their aggregation, is necessary when synthesizing active and stable ACs. Single metal atoms anchored onto various metals, metal oxides ([@bib26], [@bib27], [@bib37], [@bib44]), and carbon materials (e.g., graphene, graphite carbon, other carbon materials having N~4~C~4~ moieties) ([@bib1], [@bib5], [@bib7], [@bib48]) have previously been preferred in the development of ACs. Their catalytic applications have, however, been greatly hindered by several major disadvantages. For example, their syntheses can be very rigorous, complex, hard to manage, and incapable of avoiding metal clusters/particles, potentially resulting in uncertain structures for the supports, the metal sites, and the active sites, diminishing the catalytic performance. Furthermore, their low conductivity, low loading density, and poor stability/tolerance can also restrict the catalytic efficiency of the ACs. These limitations make it difficult to unambiguously identify the real active sites or obtain an atomic-level understanding of the relationship between the structures and catalytic properties. Moreover, all the previously reported traditional ACs have had undetermined valence states or values that are not integers. Although scientists have for some time been predicting the emergence of zero-valent metal single-atom catalysts, the preparation of zero-valent ACs has remained challenging in the field of catalysis, with the goal of a reasonable design for new-generation ACs with controllable structures and high catalytic performances.

Graphdiyne (GDY), a relatively new two-dimensional (2D) planar carbon allotrope comprising sp^2^-hybridized carbon atoms in benzene rings linked through sp-hybridized carbon atoms in diacetylenic groups has attracted great attention in chemistry, physics, and material science ever since its first successful synthesis by our group ([@bib16], [@bib18], [@bib24], [@bib25], [@bib26], [@bib27], [@bib35], [@bib45], [@bib46], [@bib49]). In particular, it has been proposed as an excellent substrate for anchoring zero-valent metal atoms ([@bib45], [@bib46]). The sp-hybridized carbon atoms endow GDY with many attractive properties, including a natural band gap, high electric conductivity, high charge carrier mobility, excellent chemical/mechanical stability, and uniformly distributed pores ([@bib32]). In contrast to other conventional carbon materials (e.g., graphene, CNTs), the coexistence of sp (p~*x*~--p~*y*~ π/π\* states) and sp^2^ (p~*z*~ π/π\* state) hybridization in GDY means that the π/π\* orbitals can rotate in any direction perpendicular to the −C≡C− bonds ([@bib10]). This feature is favorable for chelating single metal atoms and greatly contributed to strong charge transfer between the metal atoms and the GDY. Our theoretical investigations have revealed that the most favorable adsorption site for single metal atoms on GDY is at the angle site (A-site) of the alkyne ring ([Figures 1](#fig1){ref-type="fig"}B and 1C). The unique properties of GDY suggest that it has tremendous potential for the fabrication of active and stable ACs.Figure 1Optimized Configurations of Pd^0^/GDY(A) The energetically favored singly (higher) and triply (lower) anchoring sites (A-site) for Pd within the GD system.(B and C) The orbital potential energy projections (*U*~out1~ and *U*~out2~) for Pd 4d within (B) singly and (C) triply anchoring site.(D) The PDOS comparison for the Pd 4d and Ni 4d bands within GD-Pd and GD-Ni, respectively.(E) The PDOSs for overall contribution of the Pd 4d and (C1, C2) 2p band comparing with Ni 4d and (C1, C2) 2p band.(F) The real-space 3D orbital contour plot for the three dominant p--d band overlapping peaks observed from the PDOS between Pd 4d and (C1, C2) 2p bands.

Zero-valent palladium (Pd^0^) complexes are the active species in many catalytic transformations, including Pd-catalyzed Heck and cross-coupling reactions ([@bib23], [@bib51]). To the best of our knowledge, however, no previous reports have described the HER catalyzed by single Pd^0^ catalysts or the correlations between the active site structure and the HER activity at the atomic level.

Inspired and motivated by all facts mentioned above, in this study we demonstrated such a zero-valent electrocatalyst system consisting of Pd^0^ anchored on GDY for significant improvement in HER performance. Both theoretical and experimental findings revealed the successful anchoring of the single zero-valent Pd^0^ atoms to the GDY. The Pd^0^/GDY samples exhibited outstanding electrocatalytic activity, with an overpotential of 55 mV at 10 mA cm^−2^, a mass activity of 61.5 A mg~metal~^−1^, and a turnover frequency of 16.7 s^−1^, which are better than those of 20% Pt/C. This excellent HER performance originated from the unique and well-defined chemical and electronic structures of Pd^0^/GDY.

Results {#sec2}
=======

Theoretical Evaluation {#sec2.1}
----------------------

We examined the key mechanism behind the excellent HER performance of the Pd-GDY system (see also [Transparent Methods](#mmc1){ref-type="supplementary-material"}). We tested the locations of the Pd atoms within the Pd-GDY system in two cases: one in which a Pd atom was singly anchored at the A-site ([Figure 1](#fig1){ref-type="fig"}A) and the other in which it was triply anchored at the A-site ([Figure 1](#fig1){ref-type="fig"}B). Using our previously developed two-way crossover linear response method, we decomposed the response of the electronic potential of an on-site targeted orbital ([@bib12], [@bib13], [@bib15], [@bib14]). The characteristics of the Pd 4d orbital at the A-site are illustrated, regarding the two different anchoring modes. We observed a variation in the character of the Pd 4d orbital, displaying a closed shell (crossover) effect for both the singly and triply symmetrically anchored Pd atoms at the A-site ([Figures 1](#fig1){ref-type="fig"}C and 1D). This crossover effect is indicative of strong orbital overlaps between the Pd atom and the neighboring C atoms, namely, coupled long-range coupling (p--d) between Pd 4d orbitals and the C1 and C2 2p orbitals; here, C1 and C2 denote the nearest neighboring and second nearest neighboring C atoms with respect to the Pd anchoring position. The orbital energy also increased from 6.55 to 8.21 eV. This observation implies that the electronegativity was enhanced as a result of the potential for d--d orbital resonant coupling by the nearby Pd atom in the case of triple anchoring. Moreover, it suggests a strong tendency for zero-valent anchoring of Pd^0^ within the GDY system.

We further compared the electronic properties with those we had determined previously for Ni^0^ anchoring ([@bib45], [@bib46]). The projected partial density of states (PDOSs) illustrated the Pd 4d and Ni 3d bands ([Figure 1](#fig1){ref-type="fig"}D). Moreover, the relatively deeper 4d band center would activate more 4d electrons from the Pd site onto the nearby bonded C1 and C2 sites. In more detail, [Figure 1](#fig1){ref-type="fig"}E illustrates the PDOS of the C1 and C2 2p orbitals combined with the d bands of Pd and Ni, respectively. We find that the deeper d band center of the anchoring Pd atom may have arisen from the strong p--d coupling. The 2p band exhibited greater matching with the Pd 4d band distribution when compared with that of the Ni-GDY system. Nevertheless, the Ni 3d band localized in the higher range exhibited less of a p--d band matching effect with the C 2p band. Therefore, the bonding between the Pd atom and the C1 and C2 sites was stronger than that in the corresponding Ni-GDY system, resulting in substantial charge transfer between the Pd atom and the nearby C sites. On the other hand, the electronic activities for the catalytic HER within Pd-GDY can be determined by the Pd-(C1, C2) entity, where the p--d coupled band center is almost dominated by the Pd 4d orbital ([Figure 1](#fig1){ref-type="fig"}E). The localized orbitals of the valence electronic states are presented in terms of a real-space contour plot. The localized states represent the three dominant peaks of the Pd 4d band strongly overlapping with the (C1, C2)-2p band. These orbitals reveal that the anchoring Pd site and the nearby (C1, C2) site can mutually transfer their electrons between the 4d and 2p orbitals, even through a long-range interaction ([Figure 1](#fig1){ref-type="fig"}F).

Next, we examined the energetic activities to elucidate the HER mechanism (see also [Transparent Methods](#mmc1){ref-type="supplementary-material"}). We considered both the H/2H formation energies and the related H-chemisorption energies ([Figure 2](#fig2){ref-type="fig"}A). The various C active sites are labeled C1--C4 ([Figure 2](#fig2){ref-type="fig"}B). We found that the C sites positioned closer to the anchoring Pd atom exhibited an energetically favorable adsorption trend for H; for 2H, the adsorption trend was similar. Regarding the strong coupling between the Pd and (C1, C2) sites, as well as the optimal p--d band matching effect, we confirmed that the adsorption energy of the C1 and C2 sites was lower than that of the C3 site. In addition, we verified that the C2 site was the most active site, displaying a strong energetic preference to adsorb the H atom. From the viewpoint of chemisorption, the C3 and C4 atoms were preferred as H desorption centers, because their energy levels remained above the thermoneutral line (Δ*G* = 0 eV). Nevertheless, we confirmed that the C1 and C2 sites had a promoting effect for the stable adsorbing of the H atom, with less of an over-binding effect when compared with the Ni-GDY system ([@bib45], [@bib46]). This trend arose because the C1 and C2 sites both exhibited an optimal band matching effect. It further implies that strong p--d charge transfer occurred to activate the d electrons from the Pd atom onto the C1 and C2 sites for H atom adsorption ([Figure 2](#fig2){ref-type="fig"}C). Thus the chemisorption energies are consistent with the discussion above regarding the electronic properties. Taken together, these results imply the great potential of Pd^0^/GDY for catalytically efficient hydrogen evolution.Figure 2Adsorption Formation Energies and Corresponding Structural Configurations(A) Adsorption formation energies of H and 2H on four different C atom sites (C1, C2, C3, C4) nearby the anchoring Pd atom. The free chemisorption energies are also given.(B) 2D Valence charge density mapping with the four different C atom sites given (C1, C2, C3, C4).(C) Structural configuration for H atom adsorption on the C1 and C2 atom sites.

Morphological Characterization {#sec2.2}
------------------------------

To substantiate the predictions from density functional theory experimentally, we synthesized Pd^0^/GDY through a facile synthetic method (please see [Transparent Methods](#mmc1){ref-type="supplementary-material"} for details). Inductively coupled plasma mass spectrometry revealed that the Pd loading was 0.2 wt %. As shown in [Figures 3](#fig3){ref-type="fig"}A--3D, a film of vertically aligned and interlaced GDY nanosheets (ca. 200 nm in size) was grown on a smooth interweaved CF surface ([Figure S1](#mmc1){ref-type="supplementary-material"}) through Glaser-Hay coupling using hexaethynylbenzene as the precursor, forming a 3D GDY foam ([@bib8], [@bib52]). The morphology of GDY was confirmed using scanning electron microscopy ([Figures 3](#fig3){ref-type="fig"}A, 3B, and [S2](#mmc1){ref-type="supplementary-material"}) and transmission electron microscopy (TEM; [Figures 3](#fig3){ref-type="fig"}C, 3D, and [S3](#mmc1){ref-type="supplementary-material"}). Then the ultrathin nanosheet of GDY-supported palladium atom catalyst was obtained ([Figures 3](#fig3){ref-type="fig"}E--3H, [S4](#mmc1){ref-type="supplementary-material"}, and [S5](#mmc1){ref-type="supplementary-material"}). Both scanning electron microscopy and TEM indicated that the nanosheet morphology was preserved after the synthesis of Pd^0^/GDY ([Figures 3](#fig3){ref-type="fig"}E--3H), confirming the robust nature of GDY skeleton---a useful feature for improved catalysts. High-resolution TEM revealed that the Pd^0^/GDY nanosheet had an interplanar distance of 0.329 nm ([Figure 3](#fig3){ref-type="fig"}H), smaller than that of the pure GDY nanosheet (0.365 nm, [Figure 3](#fig3){ref-type="fig"}D). The smaller spacing between the two adjacent GDY layers implies an associated interaction between the GDY and the Pd atoms. Moreover, no Pd clusters/particles were evident in the scanning electron microscopic and TEM images, suggesting that the anchored Pd atoms were not in aggregated form, unlike those in the reference sample ([Figure S6](#mmc1){ref-type="supplementary-material"}; see also [Transparent Methods](#mmc1){ref-type="supplementary-material"}). Scanning TEM (STEM) ([Figure 3](#fig3){ref-type="fig"}I) and corresponding elemental mapping images ([Figures 3](#fig3){ref-type="fig"}J--3L) show the uniform distribution of C and Pd elements over the nanosheets. In addition, contact angle measurement results reveal that, after the growth of the GDY, the hydrophobic surface of bare CF (contact angle: 140.5°; [Figure 3](#fig3){ref-type="fig"}M) becomes completely wetting (contact angle: 0°; [Figure 3](#fig3){ref-type="fig"}N), which could significantly improve the wetting between the electrode and electrolytes, therefore finally reducing the ohm contact resistance and benefiting the enhancement of catalytic performances.Figure 3Morphological Characterization of Samples(A-H) (A and B) SEM, (C) TEM and (D) HRTEM images of pristine GDY, see also [Figure S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}; (E and F) SEM, (G) TEM and (H) HRTEM images of Pd^0^/GDY, see also [Figure S4](#mmc1){ref-type="supplementary-material"} and [S5](#mmc1){ref-type="supplementary-material"}.(I--L) STEM (I) and elemental mapping (J--L) images of Pd^0^/GDY.(M and N) Contact angle measurements on pure CF (M) and GDY (N).

Atomic Structure and Chemical State Analysis {#sec2.3}
--------------------------------------------

We employed sub-ångström-resolution, aberration-corrected high-angle annular dark-field (HAADF) STEM to collect information about the configuration and dispersion of the individual Pd atoms on the GDY ([@bib38]). The HAADF images of Pd^0^/GDY nanosheets recorded from different batches of samples revealed the separate and uniform distribution of the individual Pd atoms (white dots) on the GDY, without any aggregation ([Figures 4](#fig4){ref-type="fig"}A--4L). STEM images and corresponding elemental mapping analysis ([Figures 4](#fig4){ref-type="fig"}M--4P) clearly indicated the atomic and homogeneous dispersion of the Pd atoms in the Pd-GDY nanosheets, in accordance with the above-mentioned TEM- energy dispersive X-ray analysis (EDX) data ([Figures 3](#fig3){ref-type="fig"}I and 3J).Figure 4Atomic Resolution Images of HAADF-STEM Pd^0^/GDY(A--H) HAADF images obtained from various regions of Pd^0^/GDY nanosheets.(I--L) Enlarged images of the selected regions in (E--H).(M--P) STEM-HAADF image of the Pd^0^/GDY nanosheet and corresponding elemental mappings of Pd and C atoms.

We also performed elemental selective X-ray absorption fine structure spectroscopy, including extended X-ray absorption fine structure (EXAFS, [Figure 5](#fig5){ref-type="fig"}A) and X-ray absorption near-edge structure (XANES) spectroscopy ([Figure 5](#fig5){ref-type="fig"}B). The EXAFS spectrum of Pd-GDY featured a major peak near 1.5 Å, which is smaller than that of the Pd--Pd contribution (ca. 2.5 Å) in Pd foil, reflecting the existence of only singly dispersed Pd atoms in Pd-GDY. No diffraction peaks corresponding to Pd nanoparticles (Pd NPs) were evident in the X-ray diffraction pattern of Pd^0^/GDY ([Figure S7](#mmc1){ref-type="supplementary-material"}A), further implying the absence of Pd NPs. The first derivative of the XANES is generally used as the basis for energy calibration and used to determine the valence states of samples ([@bib45], [@bib46]). As shown in [Figure 5](#fig5){ref-type="fig"}B, the main peaks of Pd/GDY and Pd foil are located at the same energies, providing evidence that zero-valence Pd atoms are anchored on GDY. Clearly, the anchoring of the single metal atoms on the GDY was universal and reproducible; they had not merely coincidentally emerged within a confined region. These results provided sufficient proof for the successful preparation of the Pd-GDY AC. Through careful analysis of the recorded HAADF images, we obtained the average diameter of the individual Pd atoms anchored on the GDY ([Figure S8](#mmc1){ref-type="supplementary-material"}) within a very narrow size distribution: 3.6 ± 0.1 Å, consistent with the typical size of a Pd atom (3.6 Å).Figure 5Structural Characterization(A) EXAFS spectra of Pd^0^/GDY and Pd foil at the Pd K-edge.(B) The normalized Pd K-edge XANES spectra and first-derivative curves (the inset) of Pd^0^/GDY and Pd foil.(C) Raman spectra of Pd^0^/GDY and the pristine GDY. Inset: signals for the diyne structure of the GDY skeleton; see also [Figure S9](#mmc1){ref-type="supplementary-material"}.(D) XPS survey spectra of Pd^0^/GDY and the pristine GDY.(E) High-resolution XPS C 1s spectra of Pd^0^/GDY and the pristine GDY (insets are the magnified images of the 290.8-eV region); see also [Figure S7](#mmc1){ref-type="supplementary-material"}.(F) XPS Pd 3d spectrum of Pd^0^/GDY.

Raman spectroscopy ([Figures 5](#fig5){ref-type="fig"}C and [S9](#mmc1){ref-type="supplementary-material"}) revealed that the peaks corresponding to the vibration of the conjugated diyne units of the Pd^0^/GDY samples shifted to higher wave number compared with those of the pristine GDY---the result of the anchoring of the Pd atoms. The D band to G band ratio for Pd^0^/GDY (0.80) is larger than that for pristine GDF (0.75), which indicates that the Pd^0^/GDY structure is much more defective than GDY, leading to more active sites for efficient catalysis. We used X-ray photoelectron spectroscopy (XPS) to examine the chemical states of the Pd atoms. The survey spectrum ([Figure 5](#fig5){ref-type="fig"}D) revealed the presence of Pd and C elements in Pd^0^/GDY, whereas only C elements were evident in the GDY sample. [Figure 5](#fig5){ref-type="fig"}E presents the high-resolution C 1s XPS spectra of the samples. The spectrum of Pd^0^-GDY exhibited a new peak at 290.8 eV, due to the π--π^∗^ transitions arising from restoration of the delocalized conjugated structure ([Figure S7](#mmc1){ref-type="supplementary-material"}B), suggesting the presence of interactions between the Pd atoms and the GDY ([@bib45], [@bib46], [@bib49]). The area ratio of the sp^2^-C and sp-C peaks remained at 2:1, reflecting the integrity of the GDY structure after the anchoring of the Pd atoms. All these findings are persuasive for an intimate interaction between the anchored individual Pd atoms and the GDY, arising from the unique electronic and chemical structures of the GDY. The high-resolution XPS spectrum of the Pd 3d orbitals ([Figure 5](#fig5){ref-type="fig"}F) featured the peaks of Pd 3d~5/2~ and Pd 3d~3/2~ at 334.9 and 340.2 eV, respectively; they are readily assigned to metallic Pd. The results strongly suggest the successful anchoring of zero-valence Pd atoms on the GDY, forming Pd^0^/GDY ACs. These features would presumably be beneficial for improving the intrinsic catalytic activity of GDY-based ACs ([@bib45], [@bib46]).

Electrochemical Characterization {#sec2.4}
--------------------------------

We evaluated the HER catalytic performance of the Pd^0^/GDY sample using a typical three-electrode system in H~2~-saturated 0.5 M H~2~SO~4~ (see [Transparent Methods](#mmc1){ref-type="supplementary-material"} for details; [Video S1](#mmc2){ref-type="supplementary-material"}). The pristine GDY, the bare CF substrate ([Figure 6](#fig6){ref-type="fig"}A), a Pd NP-decorated GDY (Pd NP/GDY), and commercial Pt/C (20 wt %) loaded on CF (mass loading: 0.447 mg cm^−2^) were all tested for comparison. The Pd^0^/GDY sample was flexible and could be bent in random directions ([Figure 6](#fig6){ref-type="fig"}B)---a potentially beneficial property for its application as a working electrode ([Figure 6](#fig6){ref-type="fig"}C). [Figure 6](#fig6){ref-type="fig"}D presents the *iR*-corrected linear sweep voltammetry curves of the as-prepared samples. Pd^0^/GDY provided an overpotential (*η*) of 55 mV at a current density of 10 mA cm^−2^, less than those of 20 wt % Pt/C (62 mV), Pd NP/GDY (115 mV), pure GDY (481 mV), and CF (725 mV). This value compares favorably with those of most recently reported ACs and bulk catalysts, including Pt-MoS~2~ ([@bib4]), Pt~1~\@Fe-N-C ([@bib50]), and PtO~x~/TiO~2~ ([@bib2]) ([Figures 6](#fig6){ref-type="fig"}E and [Tables S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}). Measurement of the mass activity provided a more straightforward approach toward evaluating the catalytic performance. We obtained the mass activities of Pd^0^/GDY and Pt/C normalized in terms of the metal loading ([Figure 6](#fig6){ref-type="fig"}F; see also [Transparent Methods](#mmc1){ref-type="supplementary-material"} for details). As expected, the mass activity of Pd^0^/GDY was much better than that of Pt/C. For instance, at the overpotential of 0.2 V, Pd^0^/GDY presented a specific activity of 61.5 A mg~metal~^−1^, which was 26.9 times greater than that of Pt/C (2.29 A mg~metal~^−1^). The Tafel slope of a catalyst is an indicative index for understanding the inherent kinetics of the HER process. As displayed in [Figure 6](#fig6){ref-type="fig"}G, Pd^0^/GDY provided a Tafel slope of 47 mV dec^−1^, which was lower than those of Pd NP/GDY (139 mV dec^−1^), the GDY (212 mV dec^−1^), and the CF (295 mV dec^−1^)---indeed, it was lower than those of most of the reported ACs and state-of-art bulk catalysts ([Figures 6](#fig6){ref-type="fig"}H and [Tables S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}). This value for the Tafel slope suggests that the HER process of Pd^0^/GDY proceeds through a Volmer-Heyrovsky mechanism, in which hydrogen desorption is the rate-determining step. By extrapolating Tafel plots to a value of potential of 0, we obtained the exchange current density (*j*~0~) and used it to assess the HER activity kinetically. The value of *j*~0~ of Pd^0^/GDY was 0.282 mA cm^--2^; it is much higher than those of most previously reported ACs and benchmarked bulk catalysts, including Co-nitrogen-doped graphene (0.125 mA cm^--2^) ([@bib6]) and Ni~2~P\@N-doped porous carbon nanofibers (0.227 mA cm^--2^) ([@bib43]), suggesting a more rapid HER rate and an additional kinetic advantage for Pd^0^/GDY. Moreover, compared with Pd NP/GDY, the HER process of Pd^0^/GDY was favorable, confirming that the enhanced atomic efficiency of ACs could effectively boost the catalytic activity even at a lower total Pd atom loading. We ascribe this remarkably enhanced HER catalytic activity to the associated interactions between the GDY substrate and the individual Pd atoms.Figure 6HER Performances(A) Photographs of Pd^0^/GDY, GDY, and CF, which was used as the working electrode for the HER test.(B) Photograph displaying the flexibility of Pd^0^/GDY.(C) Photograph of the established three-electrode system.(D) Polarization curves of Pd^0^/GDY, Pd NP/GDY, GDY, CF, and Pt/C.(E) Overpotentials at 10 mA cm^−2^ of other recent ACs and several bulk catalysts; see also [Tables S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.(F) Mass activity of Pd^0^/GDY and Pt/C (inset: mass activity collected at overpotentials of 0.05 and 0.2 V).(G) Corresponding Tafel slope of the catalysts in (A).(H) Tafel slopes of other recent ACs and several bulk catalysts; see also [Tables S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.(I) TOF values of Pd^0^/GDY together with those of several recent ACs and bulk catalysts.(J) Polarization curves of Pd^0^/GDY before and after 1,000 cycle tests. Inset: time-dependent current density curve of Pd^0^/GDY obtained at −58 mV versus reversible hydrogen electrode (RHE); hydrogen evolution on the Pd^0^/GDY electrode; see also [Figures S10--S13](#mmc1){ref-type="supplementary-material"}.(K) Nyquist plots of the catalysts; see also [Figures S14](#mmc1){ref-type="supplementary-material"} and [S15](#mmc1){ref-type="supplementary-material"} and [Table S3](#mmc1){ref-type="supplementary-material"}.

Video S1. Electrochemical Water-Splitting Process of the Pd^0^/GDY Using a Typical Three-Electrode System, Related to Figure 6

Turnover frequency (TOF) is a useful criterion when evaluating the authentic activities of catalysts having various mass loadings ([@bib43]). Considering that the anchored metal atoms in ACs are separated adequately from one another, it is reasonable to assume that all the metal atoms would be exposed to the electrolyte and be catalytically active (see [Transparent Methods](#mmc1){ref-type="supplementary-material"} for details). Each metal atom can be regarded as an active site. In this case, we estimated the number of active sites for Pd^0^/GDY to be 5.1 × 10^15^ cm^−2^; this value is 3.4 times larger than that of Pt(111) (1.5 × 10^15^ cm^−2^) ([@bib22]). At a value of *η* of 0.1 V ([Figure 6](#fig6){ref-type="fig"}I), we calculated the TOF of Pd^0^/GDY to be 16.7 s^−1^---a value much higher than those of Pt/C (11.5 s^−1^) ([@bib17]), Pt-GT (7.22 s^−1^) ([@bib41]), and conventional single-atom catalysts, including Mo~1~N~1~C~2~ (0.262 s^−1^) ([@bib1]) and Co-NG (0.101 s^−1^) ([@bib11]). To further evaluate the performance of Pd^0^/GDY for practical applications, we examined its long-term stability. [Figure 6](#fig6){ref-type="fig"}J displays the results of continuous cycling tests of the Pd^0^/GDY conducted from −0.6 V to +0.2 V over 1,000 cycles. After concluding the cycling test, the polarization curve revealed no variation in current density from that recorded initially. No clusters and particles could be observed on the surface of the catalyst after the stability test, further excluding the possible aggregation of Pd atoms ([Figure S10](#mmc1){ref-type="supplementary-material"}). Scanning electron microscopic images ([Figure S10](#mmc1){ref-type="supplementary-material"}) and XPS data ([Figures S11--S13](#mmc1){ref-type="supplementary-material"}) indicated that Pd^0^/GDY maintained its unique morphological and chemical structures over a long period of time, confirming its robust structural stability during the HER process. In addition, a chronoamperometric test performed at a constant overpotential provided almost no decrease in current density over 72 hr, confirming the reliable stability of Pd^0^/GDY.

To gain deeper insight into the origin of the high catalytic activity of Pd^0^/GDY, we collected electrochemical impedance spectroscopy (EIS) data and fitted it to the R(QR) (QR) equivalent circuit model ([Figure S14](#mmc1){ref-type="supplementary-material"}) containing the uncompensated solution resistance (*R*~s~) and the charge transfer resistance (*R*~ct~) ([Figures 6](#fig6){ref-type="fig"}K and [S15](#mmc1){ref-type="supplementary-material"}). The fitted parameters are listed in [Table S3](#mmc1){ref-type="supplementary-material"}. Pd^0^/GDY exhibited smaller values of *R*~s~ (4.55 Ω) and *R*~ct~ (3.37 Ω) than those of the pristine GDY (*R*~s~ = 5.30 Ω; *R*~ct~ = 30.97 Ω) and CF (*R*~s~ = 6.10 Ω; *R*~ct~ = 54.37 Ω), suggesting that the charge transfer behavior of Pd^0^/GDY toward the HER was the most favorable. EIS data can also reveal the actual electrocatalytically active surface area (ECSA) of a catalyst, through calculation of the electrochemical double-layer capacitance (*C*~dl~) ([@bib36]; see also [Transparent Methods](#mmc1){ref-type="supplementary-material"} for details). The values of *C*~dl~ for Pd^0^/GDY, GDY, and CF were 0.395, 0.137, and 0.0033 mF, respectively. The ECSA for Pd^0^/GDY was 11.29 cm^2^---that is, it was 2.87 and 112 times larger than those of the pristine GDY (3.91 cm^2^) and the CF (0.10 cm^2^), respectively, indicating much more electrocatalytically active sites of Pd^0^/GDY, which might be the main reason of the improvement of the HER kinetics.

Discussion {#sec3}
==========

We have used GDY as a supporting material to synthesize a novel zero-valent Pd single-atom catalyst. This Pd^0^/GDY sample exhibited excellent HER activity with a smaller overpotential at 10 mA cm^−2^, a better mass activity, and a higher TOF than commercial Pt/C (20 wt %). We attributed this excellent HER activity to the following four factors. (1) The unique and exact chemical and electronic structures of GDY allow the synthesis of ACs with determined structures and valence states (zero valence), guaranteeing reliable HER performance of the catalyst; they also allow us to obtain atomic-level understanding of the catalytic mechanisms and the rational design of new electrocatalysts. (2) The successful anchoring of isolated Pd atoms on the GDY maximized the atomic efficiency and the number of active sites available for the HER. (3) The strong p--d coupling between the Pd atom and the (C1, C2) atoms in the GDY activated the d electrons from the Pd atom onto the (C1, C2) atoms for effective proton-electron charge exchange, leading to a strong energetic preference to adsorb the H atom and lower the reaction energy barrier, ultimately resulting in a near-zero free energy (Δ*G*) for the HER. (4) The porous nature of Pd^0^/GDY favored rapid mass transport and gas evolution and ensured sufficient contact between the electrolyte and the catalyst surfaces. Furthermore, the Pd^0^/GDY exhibited long-term stability, which we ascribe to the mechanically and chemically inert nature of GDY and the intimate interactions between the anchored single Pd atoms and the GDY.

Limitations of Study {#sec3.1}
--------------------

Our study demonstrates that the yne-rich GDY and its cavity structure can stabilize zero-valent palladium atoms through the associated effects. Compared with conventional electrocatalysts, new insights into the catalytic process and mechanism at the atomic level have been provided theoretically and experimentally. The electrocatalytic performances of Pd^0^/GDY ACs are very promising, which are better than that of commercial Pt/C (20 wt %). However, our electrochemical experiments mainly focus on HER in acidic conditions. Therefore the application of zero-valent metal atom catalysts in other energy conversion and storage process will be necessary to expand the importance of ACs.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods, Figures S1--S15, and Tables S1--S3
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